This paper aims to investigate the behavior of fiber reinforced polymer (FRP) strengthened reinforced concrete (RC) beams containing large rectangular web openings in the flexure zone. Studied parameters were type of loading, opening size and strengthening scheme. Seven RC beams categorized into two different groups were tested. In the first group, two unstrengthened beams (one solid without opening and one with large rectangular web opening in the pure flexure zone) were tested under four-point bending. In the second group, five beams were tested under center-point loading. They comprised of one reference solid beam and four beams with large rectangular web opening in the maximum-moment region. Out of the four beams with openings, two specimens were unstrengthened and the other two were strengthened with two different FRP schemes. A numerical study was also conducted and the results of analysis were validated with experiments. The calibrated analysis was then used for some useful parametric studies in which the effect of different parameters was investigated. 
Introduction
The web openings in reinforced concrete (RC) beams are frequently used for passing utility ducts and pipes. These openings accommodate vital building services that may include electricity, air conditioning, water supply, computer and telecommunication network. The web openings in RC beams may be of different shapes such as rectangular, circular, trapezoidal, diamond, and many other shapes. The rectangular and circular shapes are the more prevalent shapes in practice (Prentzas 1968) . Web openings can be located in either high shear zones such as areas close to the column support in RC beams or high flexure zones such as areas near mid-span of beams. Examples of rectangular web opening in flexure zone of simply supported RC beams are given in Fig. 1 . Many researchers have used the terms "small" and "large" openings for their classification without any clear distinction. Mansur (1998) suggested the criteria to classify the size of openings. Author classified the web opening as small if ℓ o ≤ h c where ℓ o is the length of the opening and h c is the larger of h b and h t ; where h b and h t are the depths of bottom and top chords, respectively (see Fig. 1 ). For large opening, ℓ o > h c .
The post-construction creation of an opening in the web of RC beams reduces the web cross-section and consequently reduces the flexural stiffness and shear capacity and increases the beam deflection at service load (Tan et al. 1996; Mansur 1998; . In case an opening in the RC beam is planned at design stage, additional rebars can be installed around the web opening for making up for the loss in strength and stiffness. For postconstructed openings in the existing RC beams, retrofitting of beams is needed. Fiber reinforced polymer (FRP) laminates are widely popular in building construction for the strengthening of structural members (Kachlakev and Alsayed et al. 2010; AlSalloum et al. 2011; Elsanadedy et al. 2012a, b; Alsayed et al. 2014; Elsanadedy et al. 2015 Elsanadedy et al. , 2016 Shehab et al. 2017) . The influence of FRP laminates on the response of solid RC beams under flexure (Alagusundaramoorthy et al. 2003; Ashour et al. 2004; Hawileh et al. 2013 ) and shear (Li et al. 2001; Zhang et al. 2004; Islam et al. 2005) has been widely studied. However, the research on the use of FRP laminates in the strengthening of RC beams with opening is limited Abdalla et al. 2003; El Maaddawy and Sherif 2009; Pimanmas 2010; Chin et al. 2011; Hawileh et al. 2012; Nie et al. 2018) . The studies were performed using experiments Abdalla et al. 2003; El Maaddawy and Sherif 2009; Pimanmas 2010; Chin et al. 2011; Nie et al. 2018) and validated with nonlinear finite element (FE) analysis (Pimanmas 2010; Hawileh et al. 2012) . Some of these studies are briefly described below. tested nine RC T-beams having circular openings. The beams were strengthened using FRP plates, which were applied around the opening in the form of a truss. For avoiding premature debonding failure, the FRP plates were anchored to RC beam using expansion bolts. The test results demonstrated the effectiveness of FRP strengthening in improving the response of the existing RC beams with openings.
El Maaddawy and Sherif (2009) examined the role of externally bonded CFRP laminates in strengthening RC deep beams with web openings. Thirteen deep beams with two square web openings, symmetrically located in each shear span, were tested in flexure up to failure. The effect of the location and size of openings were studied. The CFRP strengthening was found to be quite effective in enhancing the shear capacity of the deep beams. Analytical models were also developed to predict the shear capacity of the FRP-upgraded RC deep beams with openings. Chin et al. (2011) studied experimentally the performance of CFRP-strengthened RC beams having square and circular openings in flexure zone. Five beams were tested in flexure up to failure. It was reported that large opening in flexure zone increases cracking and deflection and reduces the load capacity and stiffness. A strengthening configuration was designed for each unstrengthened beam based on their respective crack patterns. CFRP laminates remarkably restored the original capacity of the beam with the large circular opening in flexure zone, while 10% regain of beam capacity was achieved for the beam with the square opening. Hawileh et al. (2012) developed 3D nonlinear FE models to predict the behavior of RC deep beams containing web openings and strengthened in shear with CFRP composites. The web openings partially or fully interrupted the natural load path. In the FE models, 8-node solid and 2-node link elements were used to represent concrete volume and steel rebars, respectively, whereas, multilayer shell elements were employed to simulate the CFRP sheets. In addition to material nonlinearity, special interface elements were implemented in the models to simulate the interfacial bond behavior between concrete and CFRP composites. A comparison between the FE results and experimental data published in the literature demonstrated the validity of the computational models in capturing the structural response for both unstrengthened and CFRP-strengthened deep beams with openings.
In a more recent study, Nie et al. (2018) tested eight full-scale RC beams under center-point loading up to failure. Two specimens (one with rectangular section and one with T-section) were solid without openings and the other six beams were constructed with T-section and contained single rectangular web opening in shear zone. Out of the six T-beams with openings, two specimens were unstrengthened and six beams were strengthened with externally bonded CFRP composite sheets. Test results showed that a sizable web opening can effectively reduce the flexural capacity of the T-beam and the CFRP strengthening system is needed to avoid shear failure of the beam and confine the web chord created by the opening to ensure a ductile response.
Even though some studies have been published on FRP-upgraded RC beams with web openings located in shear zones, research on FRP-graded RC beams with web openings in flexure zones is very limited. This highlights the need for more research in this area. The goal of this study is to examine experimentally and numerically the influence of large rectangular web opening in the flexure zone on the response of unstrengthened and strengthened RC beams. Studied parameters included type of loading, opening size and strengthening scheme. Seven RC beams were prepared and tested up to failure. Two loading types, two different opening sizes as well as two different strengthening schemes were investigated. In addition to the experimental program, nonlinear FE analysis was carried out using LS-DYNA software (2007) . The validated numerical analysis was then used for some useful parametric studies in which the effect of different parameters such as opening size and strengthening schemes was studied.
Experimental Program

Test Matrix
The test program comprised of seven RC beams with section dimensions of 200 × 450 mm. Details of the experimental program are presented in Table 1 . Beams were categorized into two different groups. In the first group, two unstrengthened beams were tested under four-point bending (4PB). They included one reference specimen without opening (i.e., solid beam) and the other beam was constructed with a large rectangular web opening of 225 mm depth and 450 mm length in the pure flexure zone. In the second group, five beams were tested under center-point loading (CPL). They comprised of one reference solid beam, two beams with mid-span rectangular opening of 225 mm depth and 450 mm length and two beams with mid-span rectangular opening of 225 mm depth and 900 mm length (see Table 1 ). Out of the four beams with openings, two specimens were unstrengthened and the other two were strengthened with two different schemes. The beam with 450 mm opening was strengthened using two layers (0°/90°) of externally bonded CFRP sheets (scheme-1). However, the beam with 900 mm opening was upgraded with scheme-2, which is a hybrid system comprising of externally bonded glass fiber reinforced polymer (GFRP) sheets anchored with bolted steel plates located above the opening.
Test Specimen Details and Preparation
Details of unstrengthened specimens are given in Figs. 2 and 3 for beams with 4-point bending and center-point loading, respectively. The arrangement of reinforcement for all the beams consists of 3 ф16 mm rebars as longitudinal tension steel and 2 ф10 mm rebars as compression reinforcement. Stirrups of ф8 mm @ 150 mm c/c spacing were provided as transverse reinforcement. For beams with openings, a single rectangular opening was constructed at mid-span and it was located symmetrically, as shown in Figs. 2 and 3. For beams BC-O1-4PB, BC-O1-CPL and BS1-O1-CPL, the opening had a length of 450 mm and a depth of 225 mm. However, for beams BC-O2-CPL and BS2-O2-CPL, the opening length was increased to 900 mm. As seen in Figs. 2 and 3, U-stirrups were provided in the bottom and top chords of the opening, thus representing the creation of the opening on site by cutting concrete and steel stirrups in existing beams.
The strengthening schemes were designed once the flexural tests for the unstrengthened specimens with and without openings were done and the failure patterns established. As mentioned earlier, two different schemes were designed in this study. The first scheme (scheme-1) involved the use of CFRP laminates and the second scheme (scheme-2) involved the use of GFRP laminates anchored using steel plates. Details of beam strengthened with scheme-1 (BS1-O1-CPL) are given in Fig. 4 . In addition, steps involved in strengthening of beam BS1-O1-CPL using scheme-1 are depicted in Fig. 5 . As shown in Figs. 4 and 5, the first scheme comprised of applying two layers of CFRP sheets in the designated patterns. CFRP strips of 112.5 mm width were applied to the bottom and top chords of the beam first, with the primary fibers oriented longitudinally. The length of these strips was 900 mm, as shown in Fig. 4a . The strips were applied on both sides of RC beams. On top of these strips, the second layer of CFRP was applied with the pattern shown in Fig. 4b . The second layer comprised of four pieces of CFRP sheets with fibers oriented vertically, which were applied separately to the top and bottom chords, and on both sides of the opening. It should be noted that the chord above the opening and the two sides were wrapped using a U-shape wrap; whereas, the chord below the opening was fully wrapped. The reason for this being that practically it would not be possible to wrap the top chord fully due to the presence of slab on top of the beam.
The second scheme of strengthening (scheme-2) comprised of GFRP sheets in combination with steel plates. The purpose of using steel plates was to make sure the GFRP sheet was properly anchored to the beam and at Page 5 of 28 Almusallam et al. Int J Concr Struct Mater (2018) the same time add to the strength of the top chord. In this scheme, the reason for selecting GFRP instead of CFRP was to avoid the issue of galvanic corrosion, which arises as a result of metals connected to CFRP, so that this strengthening system could be used safely in the field. Details of beam BS2-O2-CPL strengthened with scheme-2 are given in Fig. 6 . Furthermore, steps involved in strengthening of beam BS2-O2-CPL using scheme-2 are shown in Fig. 7 . The layout of FRP sheets in the second scheme was essentially the same as scheme-1 with only one exception. The first layer of GFRP strips was not applied to the top chord on either side of the beam because of the presence of steel plates at this location. It was only applied to the bottom chord as seen in Fig. 6 . The second layer of GFRP pattern was exactly the same as scheme-1 (Fig. 5) . After the GFRP sheets were applied and the epoxy completely hardened, 5 mm thick ASTM A36 steel plates were bonded to the top chord of the beam as shown in Fig. 6 . Holes were first driven at designated intervals in the concrete beam through the GFRP sheet and 10 mm threaded rods (made of high-strength steel) passed through the holes. The space around the rods and concrete was completely closed with an epoxy adhesive mortar (Sika-41). Holes were then driven in the steel plates at the same location of the threaded rods in the beam. The steel plate was passed through the rods and bonded to the concrete surface. Epoxy adhesive mortar (Sika-41) was applied on the surface of the steel plate to fill in the gaps between the plate and the concrete. Pressure was applied until some of the epoxy squeezed out from in-between the steel plate and the GFRPstrengthened concrete surface. Nuts were then tightened on the 10 mm threaded rods thereby anchoring the steel plates to the GFRP-strengthened concrete surface strongly.
Material Properties
Ready-mix concrete was employed for casting the test specimens. The compressive strength of concrete on the test date, measured as per the ASTM C39/C39M Fig. 4 Details of strengthening scheme-1 for specimen BS1-O1-CPL (Note: all dimensions are in mm): a 1st CFRP layer and b 2nd CFRP layer. Almusallam et al. Int J Concr Struct Mater (2018) 12:47 (2017), was 50 MPa. For steel rebars, direct tension tests were performed as per ASTM E8/E8M (2016) and the yield and tensile strengths of ф8, ф10 and ф16 mm rebars obtained from the tests are reported in Table 2 . For steel plates, standard tension test coupons were cut, machined and then tested in accordance with ASTM A370 (2017) and the average value of the yield strength of plates is given in Table 2 . The uni-directional CFRP and GFRP laminates were used in the study. Both strengthening systems of FRP were applied to the concrete surface using the conventional wet layup process. The standard coupons of CFRP and GFRP laminates were tested in tension as per ASTM D3039/3039M (2014) and the properties of the two laminates are reported in Table 2 .
Instrumentation and Test Setup
Instrumentation layout and test setup for beams with center-point loading are shown in Fig. 8 . As mentioned earlier, two beams (BC-N-4PB and BC-O1-4PB) were tested in four-point bending at a shear span of 1175 mm. However, the remaining five specimens were subjected to center-point loading thus giving a shear span of 1400 mm (see Fig. 8 ). The load was applied using a 2000-kN AMSLER testing machine. The load was recorded using a load cell, as shown in Fig. 8d . The test specimens were tested till failure under displacement control conditions at rate of 1 mm/min. The vertical deflections were recorded using linear variable displacement transducers (LVDTs) attached to the bottom of the beams. Moreover, strain gages were affixed to steel rebars at mid-span to record strains during the test (see Fig. 8a ). Also, surface strain gages were affixed to FRP sheets and steel plates to measure their strains around the opening, as seen in Fig. 8b and c. Table 3 shows a summary of test results of the seven specimens in terms of key parameters of load-deflection curves. It should be noted that the ultimate state used in Table 3 is defined as the state where the post-peak load drops to 80% of its peak value based on New Zealand Standard (1992). Table 4 displays measured peak strains for top and bottom rebars of the beam at mid-span and center of FRP layers and steel plate.
Discussion of Test Results
For the two beams with 4-point bending, load versus deflection curves are plotted in Fig. 9a and the modes of failure are demonstrated in Fig. 10a and b. It is revealed that both beams BC-N-4PB and BC-O1-4PB had approximately the same behavior in terms of ultimate mode of failure and load-deflection characteristics, except that beam with opening (BC-O1-4PB) failed at an earlier stage with low ductility of 3.8 compared with 8.9 for solid beam BC-N-4PB. The two specimens showed nearlybilinear response of under-reinforced concrete beams. The flexural failure of RC beams was initiated by yielding of main rebars. For solid beam BC-N-4PB, flexural cracks were developed at the mid-span and the mode of failure was due to concrete crushing (Fig. 10a) . For beam BC-O1-4PB with opening and as a result of four-point bending setup, with two point loads applied at a distance of 450 mm from each other, the maximum bending moment was created within the section of the beam at the location of the opening. Failure of this beam was in flexure with cracks developing in tension zone and becoming wider as the load increased. Final failure was caused as a result of the top chord concrete crushing suddenly due Steps involved in strengthening of beam BS1-O1-CPL using scheme-1: a 1st CFRP layer is completed on both chords, 2nd layer of CFRP U-wrap is completed for top chord, and bottom chord is being fully wrapped with 2nd CFRP layer, b 2nd layer of CFRP U-wrap is completed on one opening side, and c strengthened beam ready for testing.
to the presence of opening, as seen in Fig. 10b . The peak load of the beam was almost the same as the solid beam BC-N-4PB, thereby indicating no effect of presence of opening in the flexure zone. It can be then concluded that the ultimate capacity of simply supported RC beams is not influenced by an opening in pure flexure zone if the depth of the top chord is more than or equal to the depth of the stress block at ultimate condition: Page 10 of 28 Almusallam et al. Int J Concr Struct Mater (2018) 12:47 where h t is the depth of the top chord (Fig. 1) , A s is the area of longitudinal tension steel, f y is the yield strength of longitudinal rebars, f ′ c is the specified compressive strength of concrete, and b is the width of beam section.
For beams with center-point loading, load versus deflection curves are plotted in Fig. 9b and the final modes of failure are shown in Fig. 10c (1)
For control specimen BC-O1-CPL, with 450 mm opening and tested under center-point loading, the peak load was found to be 181 kN, which is about 83% of the ultimate load-carrying capacity of control solid beam BC-N-CPL. Because of the single point load applied at beam mid-span, both maximum shear as well as maximum moment were created within the section of the beam at the location of the opening. Noticed in this beam was a shear failure of the top chord, as seen in Fig. 10d . The failure was sudden and as a result, the beam exhibited brittle behavior with small mid-span deflection, as seen in Fig. 9b . Figure 10e shows the final failure mode for the strengthened beam BS1-O1-CPL. A diagonal shear crack was observed propagating at a small distance from the loading point all the way to the edge of the opening thereby shearing the top chord. However, before the final failure, debonding of the second CFRP layer externally bonded to the top chord was noticed at the location of the major shear crack. There was no concrete adhering Fig. 7 Steps involved in strengthening of beam BS2-O2-CPL using scheme-2: a GFRP-strengthened beam, b holes drilled and threaded rods passed, c sika-41 epoxy applied to steel plates, d steel plates passed through the rods, and e strengthened beam ready for testing.
to the CFRP sheet. As seen from Fig. 10e , CFRP U-wrap for the entire top chord was found to be debonded from concrete. The peak load of the beam was 193 kN, which is only about 7% increase over that of unstrengthened specimen BC-O1-CPL. This load is about 89% of the peak load of control solid beam BC-N-CPL. This revealed the ineptitude of scheme-1 in increasing the load capacity of RC beams with opening located in the zone of high flexure with high shear.
For control unstrengthened beam with large midspan opening of 900 mm and tested under center-point loading, the peak load was found to be 106 kN, which is considerably less compared to the control solid beam BC-N-CPL. This drop in the load is due to the larger size of the opening. The final failure was sudden because of shear cracking of the concrete in the top chord of the beam above the opening, as shown in Fig. 10f . A diagonal shear crack was noticed right under the loading point, which extended throughout the top-chord depth until the concrete section was completely sheared. Because of the large opening size, the top chord behaved as an independent beam supported between the two solid beam sections on either side of the opening. This had resulted in localized failure of the top chord with a small midspan deflection of 3.5 mm at peak load, as seen in Fig. 9b .
As detailed earlier, scheme-2 involved using two layers of GFRP sheets along with steel plates for anchoring the GFRP sheets to the concrete surface. The anchorage system was devised as a way to combat debonding of the FRP sheets, which was observed in the failure mode of the beam strengthened with scheme-1. For beam BS2-O2-CPL with large opening and strengthened with scheme-2, the peak load was 201 kN, which is about 90% increase over that of unstrengthened specimen BC-O2-CPL. This load is also about 93% of the peak load of the control beam with no opening (BC-N-CPL). This shows the effectiveness of the strengthening system. The failure of this beam was due to out-of-plane buckling of steel plates close to the mid-span of the top chord followed by flexural failure of the top chord indicated by concrete crushing near the loading area (see Fig. 10g ). Bucking of steel plates at the mid-point of the opening indicates their involvement in resisting load at that location. As seen in Fig. 9b , the mid-span deflection in the beam was small indicating local failure in the top chord as a result of the large size of the opening. Similar to specimen BC-O2-CPL, the top chord acted like an independent beam supported between the two solid beam sections on either side of the opening. 
Finite Element Modeling
LS-DYNA (2007), a general-purpose FE software, was used for the numerical modeling of the RC beams. To account for the symmetry, only one-half of the test beam was modeled. The FE mesh of specimens BC-N-4PB (or BC-N-CPL) and BC-O1-4PB (or BC-O1-CPL) are shown in Fig. 11a and c, respectively. The concrete volume was represented by eight-node solid elements with single-point integration. The FE model of steel reinforcement for specimens BC-N-4PB (or BC-N-CPL) and BC-O1-4PB (or BC-O1-CPL) is displayed in Fig. 11b and d, respectively. The steel rebars of RC beams were modeled using 2-node Hughes-Liu beam elements, whereas, 4-node Belytschko-Tsay shell elements (Belytschko and Tsay 1981) were used for modelling FRP laminates of strengthened specimens, as shown in Fig. 11e and f for beam BS1-O1-CPL. Eight-node reduced integration solid elements and 2-node Hughes-Liu beam elements, respectively, were used to model steel plates and threaded rods for beam BS2-O2-CPL, as seen in Fig. 11g . In the FE analysis, the bond between the steel rebars and the surrounding concrete and between the steel plates and the FRP laminates was assumed perfect. The concrete volume was modelled using the continuous surface cap model type 159 of LS-DYNA (Murray 2007; Murray et al. 2007 ) along with the erosion option. The erosion of concrete elements was permitted when the principal strain in concrete exceeded 0.05 ). The elasto-plastic material model type 24 was employed for modelling steel rebars, plates and threaded rods. In order to model the FRP laminates, the orthotropic material model type 54-55 was used with Chang and Chang failure criterion (Chang and Chang 1987) . Table 2 provides the summary of the material properties employed in the non-linear FE analysis.
The bond between concrete and FRP laminates was represented using the tiebreak surface-to-surface contact type of LS-DYNA. Under the action of tensile and shear forces, the tiebreak permits the disengagement of the tied surfaces based on the bond strength failure criterion:
where σ n and σ s are the normal and shear stresses respectively, NFLS and SFLS are the normal and shear failure stresses respectively, which were estimated as follows ( Page 13 of 28 Almusallam et al. Int J Concr Struct Mater (2018) 12:47 been validated earlier by the authors (Elsanadedy et al. 2013 Almusallam et al. 2015) .
The roller support was represented by restricting the displacement of nodes in the global Z-direction (see Fig. 11 ). The nodes lying on the plane of symmetry were restrained against translation in the global X-direction and rotation about the global Y-and Z-directions. The displacement controlled loading was applied using a node set along the loading plane in order to control the Z-displacement during the test.
Validation of Finite Element Analysis
Test results of the seven specimens were employed for the validation of the numerical analysis and the modeling techniques. The results of the numerical study are discussed in the subsequent sub-sections. Figure 12 shows the modes of failure for selected samples of test specimens, obtained using the post-processing software (LS-PrePost), at the end of the analysis time. The modes of failure in this figure are shown using contours of maximum principal strains at the mid-surface.
Mode of Failure
It is noticed from this figure that the failure modes observed in the numerical response match very well with the experiments. The numerical analysis revealed that the failure of control specimen BC-O1-4PB with 450 mm opening and tested under 4-point bending initiated with the formation of flexural cracks in the maximummoment region and ultimately failed due to the crushing of concrete, as illustrated in Fig. 12a . For unstrengthened beams with openings and tested under center-point loading (BC-O1-CPL and BC-O2-CPL), sudden shear failure occurred in the top chord of the beam above the opening as seen in Fig. 12b and d. Figure 12c displays the FE mode of failure for strengthened beam BS1-O1-CPL. As seen from the figure, shear failure occurred in the top chord above the opening and it was preceded by debonding of the CFRP layer affixed to the top chord. Presented in Fig. 12e is the FE mode of failure for specimen BS2-O2-CPL with opening of 900 mm length and strengthened with scheme-2. Similar to the test results, failure of this beam was due to out-of-plane buckling of steel plates followed by flexural failure in the top chord above the opening.
Table 3 Comparison of experimental and FE load-deflection characteristics for test beams.
P y and Δ y load and mid-span deflection at yielding of bottom steel rebars, P u ultimate load, Δ u mid-span deflection at ultimate state, K s effective pre-yield stiffness, μ Δ deflection ductility ratio = Δ u /Δ y , E u energy dissipated at ultimate state, Y-CC bottom steel yielding followed by concrete crushing at mid-span, SF-TC shear failure of top chord, DB-SF-TC FRP debonding followed by shear failure of top chord, BKL-FF-TC out-of-plane buckling of steel plates followed by flexural failure of top chord, EXP experimental, FE finite element, NY no steel yielding. Page 14 of 28 Almusallam et al. Int J Concr Struct Mater (2018) 12:47 Figure 13 depicts the plots of the experimental and numerical load versus mid-span deflection curves for the seven test specimens. A comparison between the experimental and numerical load-deflection curves illustrates good agreement. Table 3 enlists the comparison details in terms of load-deflection characteristics. As noted from Table 3 , the deviations of 1-8 and 0-10% are observed for the numerical values of yield and peak loads, respectively. However, compared with the experimental results, deviations of 0-7 and 2-13% are observed for the midspan deflections at yield and ultimate loads, respectively, whereas, the deviation in deflection ductility was 2-15%. The numerical prediction of effective stiffness of the test beams is also quite efficient with deviation ranging from 5 to 21%. As seen from Table 3, the energy dissipated (area under the load-deflection curve up to ultimate state) was predicted satisfactorily by the FE modeling with deviation ranging from 4 to 24%. The numerical analysis also illustrated the superiority of strengthening scheme-2 over scheme-1 in terms of improving the load-deflection characteristics of RC beams with opening located in the zone of high flexure with high shear. Based on the results of numerical analysis, compared to the unstrengthened specimen with 900 mm opening, strengthening scheme-2 was successful in increasing the peak load by 100%. However, strengthening scheme-1 increased the peak load of unstrengthened beam with 450 mm opening by only 8%.
Beam
Load-Deflection Curves
Strain Gage Results
Figures 14 and 15 show comparison curves of experimental and FE load versus strain of bottom and top rebars at mid-span of test beams, respectively. The figures show good match between the numerical and the experimental curves for all test specimens. Presented in Table 4 are measured and predicted peak strains for top and bottom rebars of beam at mid-span, mid-length of first FRP layer at mid-depth of top and bottom chords, second FRP layer at mid-depth of opening edge, and center of steel plate. The table shows that the prediction is conforming to the experiments. It is noted that for beams BC-N-4PB, BC-O1-4PB and BC-N-CPL, bottom and top rebars at mid-span have yielded in tension and compression, respectively. For beams having 450 mm opening with center-point loading (BC-O1-CPL and BS1-O1-CPL), yielding was not noticed for either top or bottom rebars. For beams BC-O2-CPL and BS2-O2-CPL, as a result of the large opening size of 900 mm located in the zone of high flexure with high shear, the top chord behaved as an independent beam supported between the two solid beam sections on either side of the opening. Accordingly, as seen in Table 4 and Figs. 14 and 15, top steel rebars have yielded in tension; however, strains of bottom rebars were considerably below the yield strain. Table 4 evidences the insignificance of strengthening the bottom chord in case of large opening of 900 mm length. At mid-span of the bottom chord, horizontal FRP strain of about 6% of its rupture strain was noticed for beam BS2-O2-CPL, compared to strain of about 25% of FRP rupture strain at the same location for beam BS1-O1-CPL with 450 mm opening. Due to CFRP debonding at the top chord of beam BS1-O1-CPL, horizontal FRP strain of about 8% of CFRP rupture strain was observed in the top chord (Table 4 ). In conclusion, for beams with center-point loading, load was shared between top and bottom chords in case of opening length of 450 mm; however, for large opening of 900 mm length, most of the load was taken by the top chord and the contribution of the bottom chord was minimal. This conclusion was also supported by strains of second FRP layer at mid-depth of opening edge. As seen in Table 4 , very small value of about 3% of GFRP rupture strain was noticed in beam BS2-O2-CPL; however, strain of about 19% of CFRP rupture strain was observed in specimen BS1-O1-CPL. Table 4 also reveals the effectiveness of using steel plates in increasing the flexural and shear strength of the top chord of specimen BS2-O2-CPL as tensile strain of about 2.25 times the yield strain was noticed at mid-depth of steel plates. This demonstrated the full utilization of the yield capacity of the steel plates before buckling occurrence.
Parametric Study
Effect of Strengthening Scheme
Using simple elastic analysis calculations, the maximum pitch of threaded rods that could preclude elastic buckling of steel plates can be estimated from the following equation:
where t p thickness of steel plate; E s Young's modulus of steel = 2 × 10 5 MPa; and f yp yield strength of steel plates. For the 5 mm thick steel plates used in this study, s max was calculated to be 128 mm. However, as seen in Fig. 6 , maximum spacing of 350 mm was used for specimens BS2-O2-CPL, which exceeded the 128 mm calculated from Eq. (6). Therefore, buckling occurred for plates of specimen BS2-O2-CPL. In brief, plate buckling could have been mitigated by the use of either lesser rod spacing (not exceeding 128 mm) or plates with larger thickness. The validated FE modeling was utilized to study the effect of steel plate parameters on performance of strengthened RC beams with web opening located in the zone of high flexure with high shear (case of center-point loading). In this regard, four new strengthening schemes (scheme-3 to scheme-6) were numerically investigated. Details of proposed schemes are shown in Figs. 16 and 17 for beams with 450 and 900 mm opening, respectively. It is clear that scheme-3 is the same as scheme-2 but with reduced rod spacing (maximum spacing of 125 mm was provided as seen in Figs. 16a and 17a ). As depicted from Figs. 16b and 17b, strengthening scheme-4 is the same as scheme-2 but with larger plate thickness of 6.0 mm and reduced rod spacing (maximum spacing of 150 mm was (6) s max = π t p E s 12f yp Fig. 9 Load-deflection curves for tested beams: a beams with 4-point bending and b beams with center-point loading. Almusallam et al. Int J Concr Struct Mater (2018) 12:47 used). In strengthening schemes 5 and 6, plate thickness was increased, respectively, to 8 mm and 10 mm and the rod spacing was, respectively, increased to 200 mm and 250 mm (see Figs. 16c, d, 17c and d) . For beams having 450 mm opening, four new specimens (BS3-O1-CPL to BS6-O1-CPL) were added to the analysis matrix. For 900 mm opening, another four beams (BS3-O2-CPL to BS6-O2-CPL) were also numerically investigated. FE results of these eight specimens are listed in Table 5 . Fig. 18 is the effect of strengthening scheme on performance of beams with opening located in the zone of high flexure with high shear, based on FE analysis results. It is clear from Table 5 and Fig. 18a that for beams with 450 mm opening, strengthening schemes 3-6 gave almost same peak load and they were successful in altering the failure mode from sudden shear of top chord for unstrengthened beam to flexural failure at opening with contribution from both top and bottom chords, as seen in Table 5 . Strengthening schemes 3 to 6 were also effective in restoring the original beam capacity by giving peak load ratio (ratio of peak load of beam with opening, P u,O , to peak load of solid beam, P u,N ) ranging from 1.15 to 1.18 as seen in Fig. 18a . It is also clear from Fig. 18b that large strains were predicted for bottom rebars at mid-span of beams strengthened with schemes 3-6, which confirms the contribution of the bottom chord in resisting the load for the case of 450 mm opening. In addition, as shown in Fig. 18c for 450 mm opening, large tensile strains were predicted at midlength of steel plates of schemes 3-6 with the highest utilization of the plate strength for scheme-3, which has been reduced for schemes 4-6 due to the use of larger plate thicknesses. For beams with 900 mm opening, it is demonstrated from Table 5 that strengthening schemes 3-6 changed the failure mode of unstrengthened specimen from brittle shear to flexural failure of the top chord. Table 5 and Fig. 18a also showed that schemes 4, 5 and 6 were able to at least restore the original beam capacity by having a peak load ratio (P u,O /P u,N ) of 1.0, 1.02 and 1.05, respectively. As discussed earlier, because of the large opening size of 900 mm located in the zone of high flexure with high shear, the top chord behaved as an independent beam supported between the two solid beam sections on either side of the opening. Accordingly, as seen in Table 5 , top steel rebars have yielded in tension; however, strains of bottom rebars were below the yield strain at beam mid-span (see Table 5 and Fig. 18b ). As most of the load was taken by the top chord, very large strains were predicted for the steel plates of specimens BS3-O2-CPL and BS4-O2-CPL (see Table 5 and Fig. 18c ), which have been reduced for schemes 5 and 6.
Presented in
In conclusion, strengthening scheme-4 (with plate thickness of 6 mm and maximum rod spacing of 150 mm) was found to be the most economical scheme for both opening sizes as it was able to fully restore the original beam strength with the least plate thickness.
Effect of Opening Size
The validated FE modeling, detailed previously, was further extended to study the effect of different opening Fig. 18 Effect of strengthening scheme on performance of beams with openings and loaded at center point (based on FE analysis): a with respect to peak load, b with respect to strain of bottom steel rebars at mid-span, and c with respect to tensile strain of steel plate at mid-span.
sizes on behavior of unstrengthened and strengthened beams with web opening located in the zone of high flexure with high shear (such as the case of center-point loading). suggested criteria for the selection of location of web openings in RC beams. The depth of openings was recommended not to exceed 50% of the overall depth of beam. Accordingly, in this study, the depth of the opening was not taken as a studied parameter and it was hence set equal to 225 mm. The length of the opening was taken as a studied parameter and it varied from zero (case of no opening) to 1350 mm. The maximum opening length of 1350 mm was chosen to have an opening extending approximately to the mid-length of the shear span. Details of numerically investigated beams with different opening sizes are shown in Table 5 . Ten opening lengths with ℓ o /h c (see Fig. 1 ) ranging from zero to 12 were numerically studied for unstrengthened beams. However, six opening lengths with ℓ o /h c ranging from 4 to 12 were numerically investigated for strengthened beams as seen in Table 5 . Since scheme-4 was previously found to be the most economical scheme, it was used in this parametric study. The FE analysis results of beams with different opening sizes are listed in Table 5 . Figure 19 depicts the effect of opening size on performance of unstrengthened beams. As seen from Table 5 and Fig. 19 , it is clear that as the opening size increased, peak load and tensile strain of bottom steel rebars at mid-span were reduced. As depicted from Fig. 19a and Table 5 , flexural failure with yielding of main tension steel rebars was noticed for unstrengthened beams with ℓ o /h c ≤ 3. It is also clear from Fig. 19a that for unstrengthened specimens with ℓ o /h c ≤ 3, reduction in peak load due to opening was less than 5%, compared to solid beams (with no openings). In this case, strengthening may not be needed. For unstrengthened beams with 4 ≤ ℓ o /h c ≤ 8, failure was due to shear of the top chord with reduction in peak load due to opening ranging from 16 to 53%, as seen in Fig. 19a . However, for unstrengthened beams with ℓ o /h c ≥ 10, load was fully taken by the top chord and due to the large span-to-depth ratio of the top chord; flexural failure was predicted at critical sections of the top chord near mid-span and close to the opening edge. As seen in Fig. 19a , reduction in peak load due to opening ranged from 74 to 80% for beams with ℓ o /h c ≥ 10. Therefore, for unstrengthened beams with ℓ o /h c ≥ 4, strengthening is needed in order to fully or partially restore the original beam strength. Figure 20 illustrates the effect of opening size on performance of beams strengthened with scheme-4 and loaded at center point, based on FE analysis. From Table 5 and Fig. 20a , it is demonstrated that for beams with ℓ o /h c ≤ 8, strengthening is effective at restoring the original beam strength with peak load ratio (P u,O /P u,N ) ranging from 1.0 to 1.17. However, for beams with ℓ o /h c > 8, strengthening could not fully restore the original beam strength and the peak load ratio ranged from 0.65 to 0.83, as seen in Fig. 20a . For beams with ℓ o /h c ≤ 6, load was resisted by both bottom and top chords. This is evident from Fig. 20b in which the bottom steel rebars at mid-span have yielded in tension for all beams with ℓ o /h c ≤ 6. However, for beams with ℓ o /h c ≥ 8, strains of bottom steel rebars were lower than the yield value and hence, most of the load was taken by the top chord. This was also confirmed from the high strain predicted for steel plates of beams with ℓ o /h c ≥ 8, as seen in Fig. 20b . Fig. 19 Effect of opening size on performance of unstrengthened beams loaded at mid-span (based on FE analysis): a with respect to peak load and b with respect to strain in bottom steel rebars at mid-span.
Fig. 20
Effect of opening size on performance of beams strengthened with scheme-4 and loaded at mid-span (based on FE analysis): a with respect to peak load and b with respect to strain in bottom steel rebars and steel plate at mid-span.
